Small self-cleaving ribozymes have been discovered in all evolutionary domains of life. They can catalyze site-specific RNA cleavage, and as a result, they have relevance in gene regulation. Comparative genomic analysis has led to the discovery of a new class of small selfcleaving ribozymes named Pistol. We report the crystal structure of Pistol at 2.97-Å resolution. Our results suggest that the Pistol ribozyme self-cleavage mechanism likely uses a guanine base in the active site pocket to carry out the phosphoester transfer reaction. The guanine G40 is in close proximity to serve as the general base for activating the nucleophile by deprotonating the 2′-hydroxyl to initiate the reaction (phosphoester transfer). Furthermore, G40 can also establish hydrogen bonding interactions with the nonbridging oxygen of the scissile phosphate. The proximity of G32 to the O5′ leaving group suggests that G32 may putatively serve as the general acid. The RNA structure of Pistol also contains A-minor interactions, which seem to be important to maintain its tertiary structure and compact fold. Our findings expand the repertoire of ribozyme structures and highlight the conserved evolutionary mechanism used by ribozymes for catalysis.
Small self-cleaving ribozymes have been discovered in all evolutionary domains of life. They can catalyze site-specific RNA cleavage, and as a result, they have relevance in gene regulation. Comparative genomic analysis has led to the discovery of a new class of small selfcleaving ribozymes named Pistol. We report the crystal structure of Pistol at 2.97-Å resolution. Our results suggest that the Pistol ribozyme self-cleavage mechanism likely uses a guanine base in the active site pocket to carry out the phosphoester transfer reaction. The guanine G40 is in close proximity to serve as the general base for activating the nucleophile by deprotonating the 2′-hydroxyl to initiate the reaction (phosphoester transfer). Furthermore, G40 can also establish hydrogen bonding interactions with the nonbridging oxygen of the scissile phosphate. The proximity of G32 to the O5′ leaving group suggests that G32 may putatively serve as the general acid. The RNA structure of Pistol also contains A-minor interactions, which seem to be important to maintain its tertiary structure and compact fold. Our findings expand the repertoire of ribozyme structures and highlight the conserved evolutionary mechanism used by ribozymes for catalysis.
X-ray crystallography | ribozyme | self-cleavage | internal transesterification | A-minor interaction T he "RNA world" hypothesis speculates that RNA carried out the majority of biochemical reactions before the evolution of complex protein enzymes (1, 2) . Ribozymes are noncoding RNA that carry out catalytic activities. Unlike protein enzymes, only a handful of ribozymes have known biological functions. Their biological functions range from regulating gene expression (e.g., riboswitches) and performing peptidyl-transfer reactions (e.g., ribosome) to removing intron sequences in genes (e.g., self-splicing Group I intron ribozymes) (2) (3) (4) (5) (6) (7) (8) (9) . The biological functions and mechanism of these ribozymes have been discovered through structural and biochemical studies.
Currently, the classes of self-cleaving ribozymes consist of Hammerhead, Hairpin, Hepatitis Delta Virus ribozyme (HDV), Varkud Satellite (VS), glmS ribozyme, Twister, Twister sister, Hatchet, and Pistol (10) . These classes differ based on their size, structure, and cleavage mechanism. Known for their site-specific cleavage, ribozymes with defined biological function include the Hammerhead, VS, and HDV, which all participate in rolling circle replication, whereas the glmS ribozyme functions in controlling gene expression (11, 12) . However, the biological function of a vast majority of the different self-cleaving ribozymes remains to be explored.
Through comparative genome analysis, there have been three newly identified classes of self-cleaving ribozymes called Twister sister, Hatchet, and Pistol (3) . Biochemical analysis reveals that Pistol can use a variety of divalent metal ions to carry out a complete site-specific, self-cleaving reaction, whereas utilization of monovalent cations results in modest cleavage rates (3, 10) . The rate of Pistol self-cleavage has been estimated to be >10 min −1 under physiological conditions and >100 min −1 under optimal magnesium and pH conditions (10) . Pistol self-cleavage is via an internal transesterification reaction, in which the substrate RNA of Pistol G10 2′-hydroxyl on the ribose makes a nucleophillic attack on the adjacent 3′-phosphate (Fig. 1B) (3, 10) . Self-cleaving ribozymes can enhance the rates of the internal transesterification reaction by using catalytic strategies, such as deprotonation of the 2′-hydroxyl group and neutralizing the negative charge on the nonbridging oxygen of the scissile phosphate or 5′-oxygen of the cleaved substrate (10, (13) (14) (15) .
We report the crystal structure of Pistol at 2.97-Å resolution. Our structure reveals the nucleobases that are likely to be involved in the internal transesterification reaction of Pistol. The structure validates prior biochemical results of the Pistol self-cleavage mechanism and further elucidates additional mechanistic details that cannot be easily addressed with biochemical analysis (10) . The structure shows that Pistol adopts an overall compact fold stabilized by the A-minor motif commonly found in many RNA structures, which explains the high sequence conservation for the stretch of adenines found in Pistol. The overall fold and cleavage mechanism of Pistol shares similar features with other self-cleaving ribozymes, such as the presence of a pseudoknot fold and the proposed use of guanosine as a general base, highlighting their conserved evolutionary mechanism.
Results and Discussion Structure Determination. The Pistol RNA construct used for crystallization was derived from an extensive comparative genomic analysis of the previously identified environmental sample 27, likely of bacterial origin (3, 16) . The bimolecular Pistol RNA construct contains two RNA strands annealed together: one being the enzyme strand and the other being a substrate strand ( Fig. 1 ) (3). The substrate strand contains the Pistol self-cleavage site, which is positioned between guanosine 10 (G10) and uridine 11 (U11) (Fig. 1B) . To trap the Pistol ribozyme in its precatalytic state for crystallization, we generated a Pistol RNA substrate Significance Based on the "RNA world" theory, ribozymes likely carried out biochemical reactions long before organisms evolved to use protein enzymes as biocatalysts. The continued discovery of new structures for small self-cleaving ribozymes has shed light on conserved mechanisms in evolution, such as acid-base catalysis for self-cleavage reaction. Here, we present the crystal structure of a newly discovered class of self-cleaving ribozymes called Pistol and how it likely uses the phosphoester transfer mechanism for self-cleavage. The results presented here suggest that Pistol uses an evolutionarily conserved cleavage mechanism that is like other self-cleaving ribozymes, such as Twister, Hammerhead, Hairpin, and Hepatitis Delta Virus ribozymes.
strand with a single-nucleotide mutation at the site of cleavage [from a guanosine to a deoxyguanosine (dG)]. With the loss of its 2′-hydroxyl, G10 can no longer serve as a nucleophile for Pistol to carry out its phosphoester transfer reaction.
The Pistol crystals were grown as described in Materials and Methods. Experimental phases were determined using the multiwavelength anomalous dispersion (MAD) method. X-ray diffraction datasets were collected at inflection wavelength, peak wavelength, and high-energy remote wavelength from Pistol crystals that had been soaked in samarium. The model was refined at 2.97-Å resolution to a free R factor of 25.7% (Tables S1 and S2 ). The crystal form belongs to the I4 1 22 space group (a = b = 85.19 Å, c = 256.54 Å, α = β = γ = 90°), with two molecules per asymmetric unit. Our experimental map shows the electron density for a portion of the active site along with two cobalt hexammine ions present in the crystallization condition (Fig. S1A) . A comparison of the experimental map with our model phase map is also provided (Fig.  S1 B and C) .
Overview of the Pistol Structure. The Pistol structure has three helical stems and one pseudoknot. The three stems contain Watson-Crick base pairs labeled P1-P3 (Fig. 1) , which are connected by three loops (Fig. 1A) . The pseudoknot forms a stacking interaction with the P1 stem. The scissile phosphate that belongs to nucleotide U11 on the substrate strand is shown by the blue sphere, and the oxygen is shown in red (Fig. 1A) . The secondary structure of the Pistol RNA was generated based on our crystal structure, which includes additional base interactions not previously described (Fig. 1B) (3) . The arrows in the secondary structure indicate the direction of the strands from 5′ to 3′ and depict where the helices and loops connect (Fig. 1B) .
We found that the coaxially stacked stem P1/pseudoknot helix has a total of 11 bp, which is about one turn of a helix with a conformation that resembles an A-form RNA duplex (Fig. 1A) . Notably, we observed that the pseudoknot contains 6 WatsonCrick bp instead of 5 bp as predicted previously (10) . The pseudoknot formation in our structure positions the active site of the Pistol in close proximity with the P1 stem, which originally was thought to be at a considerable distance away from the catalytic center (3, 10) . Based on our structure, mutations that disrupt Watson-Crick base pairs in the P1 stem or pseudoknot would likely destabilize the pseudoknot formation and could change the overall fold of Pistol necessary to form the active site (Figs. 1A and 2A ). In agreement with the biochemistry results, our findings illuminate how two previously described mutations of nucleotides C2 and U3 in the P1 stem of Pistol (Fig. 1B ) yielded a ribozyme with reduced cleavage efficiency (10) .
Based on our structure, we report features of Pistol that were not originally observed in prior secondary structural predictions. One feature is that the P1 and P2 stems are comprised of 5 Watson--Crick bp instead of 4 bp (Fig. 1B) (10) . The P2 stem has an additional U-U wobble base pair between U29 of the enzyme strand and the U11 cleavage site on the substrate strand. The presence of this wobble U-U base pair may help to properly orient the scissile phosphate for the cleavage reaction and could also provide additional stabilization of the U11 base after the cleavage reaction (Fig. 1B) .
Another feature observed in our structure is that Loop 1 contains three highly conserved adenosine nucleobases that form an A-minor interaction with the P1 stem (Figs. 1A and 4A ). We found that these three adenosine nucleobases fix the P2 stem in the proper spatial geometry for the active site formation. The P2 stem is after Loop 1 and followed by Loop 2, which flanks the pseudoknot along with Loop 3. Together, Loops 2 and 3 form the active site of Pistol ( Fig. 2A) , which explains the high sequence conservation of nucleotides found in these loops. After the active site, the P3 stem forms 9 Watson-Crick bp and is positioned adjacent to the P2 stem and Loop 3. Finally, the sharp turn in the substrate strand between the P2 and P3 stems exposes the scissile phosphate on the substrate strand (Fig. 1A ).
Active Site of Pistol and Catalytic Mechanism. The active site is formed by Loops 2 and 3 ( Fig. 2A) , which have high sequence conservation. Loop 2 interconnects the P2 stem to the pseudoknot (Fig. 1A) , and Loop 3 interconnects the pseudoknot to the P3 stem (Fig. 1B) . The pseudoknot interaction assists Loops 2 and 3 in forming part of the active site geometry, thereby highlighting the importance of the pseudoknot formation and its role in catalysis ( Fig. 2A) .
The local environment surrounding the active site of Pistol reveals that the O 6 functional group of the unpaired G42 base is involved in bifurcated hydrogen-bond (H-bond) interactions with the NH 2 group of dG10 and G40 (Fig. 2B ). These interactions likely help orient the three unpaired nucleobases within the active site. Our structure of Pistol is a trapped precatalytic complex containing a noncleavable dG10 mutated base instead of a G10 in the substrate strand. We have modeled a 2′OH group (red sphere) on the dG10 nucleotide ( Fig. 2 B and D) . In our structure, the dG10 nucleotide is stabilized within the active site of Pistol by forming a stable π-stacking interaction with the G40 base. Nucleotide dG10 is further stabilized by the H bonds with the 2′OH of G40 and a cobalt hexammine ion within its vicinity. Overall, these interactions may serve to place putatively important nucleobases in position for catalysis.
Based on the modeling of the 2′OH group on the dG10 (Fig.  2B ), we propose that atom N1 of G40 is the likely candidate to deprotonate the 2′OH of G10 on the substrate strand. The N1 atom of the G40 is within 2.6 Å of the modeled 2′OH of the dG10, and the 2′OH group is located at a 126°angle relative to the scissile phosphate and O5′. The deprotonation of the 2′OH of G10 will activate the nucleophile to carry out the nucleophilic attack on the scissile phosphate. The N1 functional group of guanosine has a pK a value of 9.2 (5, 17) . For the G40 to serve as a general base to deprotonate the 2′OH of G10, the N1 functional group of G40 needs to be deprotonated by ionization or tautomerization.
The active site is further stabilized by nucleotide G33 located in Loop 2, forming a base triple interaction with bases of G40 and C41 in Loop 3 ( Fig. 2C and Fig. S1D ). The base triple interaction helps bring the bases of Loop 3 in range for catalysis. A cartoon representation of the internal transesterification site-specific self-cleavage reaction is shown in Fig. 2E . The end product of the Pistol self-cleavage reaction in this model will be a 5′ cleavage product containing a 2′,3′-cyclic phosphate and a 3′-cleaved substrate with a 5′OH (Fig. 2E) (10) .
We observed that the N2 atom of G40 in Loop 3 and a cobalt hexammine ion are within H-bonding distance with the nonbridging oxygen of the scissile phosphate (Fig. S2) , which may stabilize the charge of the oxygen during catalysis. Biochemical studies have shown that mutating G40 and C41, which are highly conserved residues in Loop 3, renders Pistol incapable of undergoing self-cleavage (10) .
Previous biochemical analysis using phosphorothioate substitution at the nonbridging oxygen of the scissile phosphate has explored whether divalent metal ions play a major role for inner-sphere contact with the nonbridging oxygen of the scissile phosphate during catalysis. It is known that divalent manganese ions can bind sulfur with the same affinity as oxygen. Assuming that a phosphorothioate substitution does not affect the folding of Pistol, this result would imply that the Pistol self-cleavage rate should not be reduced if divalent metal ions were crucial for interacting with the nonbridging oxygen of the scissile phosphate. Pistol can self-cleave 90% of its substrate under manganese conditions (10) . Previous analyses have shown that manganese failed to rescue the phosphorothioate substitution at the nonbridging oxygen of the scissile phosphate, which suggests that there are no inner-sphere metal ion to nonbridging oxygen contacts at the scissile phosphate (10) . The absence of a metal ion having inner-sphere contact with the nonbridging oxygen of the scissile phosphate in our structure supports the biochemical results. Our structural data support that a nucleobase interacts with a nonbridging oxygen at the cleavage site. Furthermore, the presence of a sulfur group in place of a nonbridging oxygen may cause a clash with the N2 functional group of G40 as observed in Fig. 2D , because sulfur has a larger atomic radius than oxygen (18) . This sulfur atom might perturb the positioning of G40 in the active site, which might explain why a phosphorothioate substitution resulted in Pistol having no rescue in enzymatic activity in the presence of manganese or magnesium (10) . Another rationale may be that the phosphorothioate substitution caused a change in the charge distribution on the scissile phosphate, therefore affecting the H-bonding network surrounding the scissile phosphate (18, 19) . These factors still need additional investigation to establish whether the G40 interaction with the nonbridging oxygen of the scissile phosphate is crucial for Pistol activity.
Additional analysis of Loop 2, which also forms the active site of Pistol, reveals that the N7 atom of G32 is within H-bonding distance of U30 2′OH. The G32 2′OH also forms an H bond with the G42 base from Loop 3, yet another interaction that may help to stabilize the positioning of the unpaired G32. Although the H-bond distance of the G32 N2 atom is 4.3 Å from the O5′ and the positioning of the base does not support perfect H-bond geometry, the G32 is the closest base to the O5′ leaving group (Fig. 2D) . Therefore, we propose that G32 could potentially play a role in neutralizing the charge of the O5′ during catalysis.
We have compared the active site of our independently built experimental model with that of another Pistol ribozyme variant recently published (20) . The superposition of the active sites yields an rmsd = 0.494 Å (Fig. S3 A and C) (20) , indicating that the overall structure and active site are similar and within experimental error. The main difference between the two active site conformations is that nucleotide 32 is a guanine in our structure, whereas it is an adenosine in the structure of Pistol Env.25 reported by Ren et al. (20) . It is known from comparative genomic analysis of Pistol that the base at this position is highly conserved as a purine (3). Based on the recent biochemistry results, it has been suggested that the purine base at position 32 is the likely candidate to serve as the general acid for donating a hydrogen to the leaving O5′. Mutagenesis studies have shown that the Pistol self-cleavage activity is 100% in 10 min with an A32G mutation, whereas activity was abolished when the A32 N3 atom was substituted by a carbon atom (20) . Furthermore, the pK a of the A32 N3 atom was found to be shifted up by 1 pH unit to 4.7, which suggests that the A32 N3 atom has an increased chance of being protonated, even under physiological pH (20) . Our structure shows that the G32 N3 atom is within the same position as the A32 N3 atom, being positioned 4 Å away from the O5′ leaving group of nucleotide U11 (Fig. 2D and  Fig. S3C ). Additional studies will be necessary to verify whether the G32 N3 behaves similarly.
Another peculiar aspect of the mutagenesis study showed that an A32U mutation in Pistol exhibited a 50% cleavage activity, whereas an A32C abolished activity (20) . This result raises an important question on the role of nucleobase 32 in the Pistol O5′ leaving group stabilization. Mutation of the nucleobase involved in general acidbase catalysis in other self-cleaving ribozymes causes significantly reduced activity. For example, in HDV, VS, and Hairpin ribozymes, nucleobase mutation on the proposed general acid severely reduces their activity (21) (22) (23) . Additional experiments, such as the substitution of the bridging O5′ atom of U11 to a 5′-phosphorothiolate, which serves as a better leaving group than oxygen and does not require protonation from the general acid, will be helpful to clarify the role of A32U and A32C mutations in Pistol catalysis (21) (22) (23) (24) .
The G32 N1 in our structure is about 5 Å away from the O5′ atom of U11. A comparison of the two Pistol structures indicates that a local conformational change needs to take place within the active site to bring the G32 or A32 within closer range for the H bond to form with the O5′ of U11 (20) .
The substrate used in this study contains a 2′-deoxy nucleotide dG10 that is lacking the attacking 2′OH. The G10 to dG10 replacement in our design does not seem to alter the folding of the RNA structure, because the scissile phosphate observed between G10 and U11 is in a splayed geometry similar to other small self-cleaving ribozymes, including Twister, HDV, VS, and Hairpin (9, 12, 14, 25) . Although the sugar puckering in dG10 might be different from G10, the modeled location of the 2′OH is a good approximation. When (12) . G638 can serve as a general base in this self-cleavage reaction and stabilize the charge of the scissile phosphate nonbridging oxygen.
searching for a possible general base for activating the 2′-hydroxyl, the N1 atom of G40 is a good candidate to be the H-bond acceptor after it is deprotonated by ionization or tautomerization.
The cobalt hexammine and G40 in the active site form H-bonding interactions with the nonbridging oxygen of the scissile phosphate ( Fig. 2B and Fig. S4 ). Similarly, under biological conditions, this pocket will likely fit a fully hydrated magnesium ion, which can form similar H-bond interactions as seen with the cobalt hexammine. The cobalt hexammine ion also forms an H-bond network with the bases and phosphates surrounding the active site (Fig. S4) . From our structure, we cannot conclude whether divalent metals are directly involved in catalysis, but when divalent metals are present, they may play a supporting role along with the G40 nucleobase in stabilizing the charges on the nonbridging oxygens of the scissile phosphate. However, the presence of the divalent metal binding sites shows their contribution to forming the stabile overall structural fold of Pistol (Fig. S5) .
Comparison of Self-Cleavage Mechanisms Across Small, Self-Cleaving Ribozymes. Our structure suggests that Pistol likely uses two strategies for its self-cleavage mechanism. One requires the activation of the nucleophile via deprotonation of the 2′-hydroxyl group, and the other requires neutralization of the negative charge on the nonbridging oxygen of the scissile phosphate, important in stabilizing the transition state (15) . For comparison, two self-cleaving ribozyme structures, named Hairpin and VS ribozymes, were selected, because they were shown to likely use a guanosine as a general base for the self-cleavage reaction (Fig. 3) (12, 14, 22, 26 ). Other self-cleaving ribozyme examples that have guanosine as the proposed general base not shown here include Twister and Hammerhead (27) . In the active site of Pistol, nucleobase G40 serves as the potential "general base" to carry out the deprotonation of the substrate strand G10 2′ OH (the 2′OH is modeled as a red sphere in Fig. 3A) . The nucleobase G32 in our structure is positioned closest to the O5′ atom of the U11 nucleobase. A local conformation change will need to take place to bring the G32 within H-bond distance to the O5′ atom (20) .
To compare our Pistol structure with the Hairpin ribozyme active site (Fig. 3B) , the Hairpin was trapped in a "transition state" using a vanadate in place of the scissile phosphate (14) . The structural data suggest that the nucleobase G8 can serve as the putative general base in the Hairpin, which potentially acts to deprotonate the 2′OH of the A − 1 ribose during the Hairpin self-cleavage (Fig. 3B) (14) . Furthermore, an additional H bond from nucleobase G8 shows that it could interact with the nonbridging oxygen of the scissile phosphate. The structure indicates that the transition state stabilization of Hairpin uses mainly nucleobase functional groups to carry out Hairpin catalysis (14) . Experimental data suggest that, before participating in stabilizing the transition state, G8 may serve as the general base to execute Hairpin ribozyme catalysis (21) .
Based on experimental and structural data, the VS ribozyme structure suggests that the self-cleavage mechanism likely uses nucleobase G638 (Fig. 3C) to serve as the general base in catalysis (Fig. 3C) (12) . Similarly, this G638 base can also H bond with the nonbridging oxygen of the scissile phosphate. It seems that Pistol, Hairpin, and VS ribozyme may rely on the guanosine amine functional groups to enhance their self-cleavage rates through deprotonating the 2′OH group to activate the nucleophile for selfcleavage and stabilizing the charge on the nonbridging oxygen of the scissile phosphate through H bond. Additional studies, such as substituting N1 for a carbon atom, will be necessary to confirm that the Pistol N1 atom of G40 is crucial in serving as a general base. Our structure provides evidence that small, self-cleaving ribozymes may have evolved to use guanosine for similar catalytic strategies to enhance phosphoester transfer.
A-Minor Interaction and the Extensive Network of H Bonds. In addition to elucidating the self-cleavage mechanism of Pistol, we also observed features in the structure of Pistol. We found seven consecutive base interactions between nucleotides of Loop 1 and the minor groove of the P1 stem (Fig. 4A) . This triple-stranded structure forms extensive A-minor interactions in our Pistol structure. The A-minor interactions with the P1 stem are involved in stabilizing the P2 stem in a specific conformation through extensive H-bond formation with bases in the P1 stem (Fig. 4 and Fig. S3) .
The A-minor interactions involve a stretch of adenosines in either a loop or a stem of RNA forming interactions with the minor grove of a neighboring helix through an H-bond network. A-minor interactions have been observed in various RNA and ribozyme structures and serve mainly in stabilizing tertiary interactions between helices and loops (28) (29) (30) (31) . Similarly, the stretch of highly conserved adenosines in Loop 1 of Pistol helps position the scissile phosphate adjacent to the P2 stem, which is important for catalysis. Nucleobases A19 and A20 form extensive bifurcated H-bond interactions with bases of nucleotides U3, C4, and A14 in the P1 stem (Fig. S3A) . Nucleobase A21 displays similar A-minor H-bonding patterns (Fig. S3B ) that have previously been described in the 50S ribosomal subunit, where adenosines form different types of interactions with Watson-Crick base pairs in the same plane (29) . Without these A-minor interactions, the strand that forms the P2 stem will likely be more flexible, which may alter the Pistol catalysis rate or hinder the self-cleavage reaction, because the P2 stem is adjacent to the cleavage site (Fig. 2B) . 
Conclusion
We report that Pistol uses A-minor interactions to stabilize tertiary contacts between the stems and loops as observed in other ribozymes. Based on our structure, we propose two catalytic strategies that Pistol likely uses during self-cleavage. The first includes deprotonation of the G10 2′OH using the proposed G40 as the general base, and the second is neutralizing the charge of the nonbridging oxygen from the scissile phosphate. These two mechanisms have been speculated in other small self-cleaving ribozyme structures, such as VS and Hairpin ribozymes. We observed that the scissile phosphate nonbridging oxygen interacts with the Watson-Crick edge of nucleobase G40 through H-bond interactions with the N1 and N2 functional groups. The G40 may stabilize the nonbridging oxygen of the scissile phosphate during the phosphoester transfer by H bond. Additional studies will be needed to determine whether this interaction is crucial for the catalytic activity of Pistol. The use of the guanosine functional groups in the active site via deprotonation of the 2′OH group and neutralization of the charge on the nonbridging oxygen from the scissile phosphate during catalysis may be a dual strategy of Pistol for enhancing self-cleavage rates.
Materials and Methods
The bimolecular Pistol ribozyme construct was generated using Pistol environmental sequence number 27 obtained from previous reports (3) . Details of the constructs and crystallization methods are provided in SI Materials and Methods.
X-ray diffraction data collection was performed at the Advanced Photon Source in the Argonne National Laboratory at beamline 24ID-C. MAD datasets were collected at three different wavelengths for Samarium derivative. Samarium-derivative datasets were collected at wavelengths of 1.85 Å for inflection, 1.84 Å for peak, and 1.02 Å for high-energy remote. The data were processed and scaled using the XDS software in the I4 1 22 space group (32) .
Five datasets from a single samarium chloride-soaked crystal were used for determining experimental phases. The high-energy remote datasets that gave the best resolution at 2.96 Å were merged (Tables S1 and S2 ). Using the HKL2M interface containing the SHELX suite, we determined the heavy-atom substructure from our MAD experiments with SHELXC (33) . The location of the heavy atoms and the first initial experimental phase map were calculated with SHELXD and SHELXE, respectively (34) . From this map, we were able to build our model using COOT (35) . After model building, Refmac from the CCP4i suite was use for refinement (36) (37) (38) . The final cross-validated R free after model refinement was 25.7% (Tables S1 and S2 ).
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SI Materials and Methods
The Pistol construct and the crystallization conditions are described below. Oligonucleotides were purchased from either SigmaAldrich or Integrated DNA Technologies. Crystallization screens were purchased from Hampton Research. All other chemicals were purchased from Sigma-Aldrich.
Oligonucleotide Constructs. The noncleavable Pistol substrate RNA was synthesized by Sigma-Aldrich with a dG base at the cleavage site (5′-UCUGCUCUCdGUCCAA-3′). The enzyme strand was synthesized in our laboratory using the duplex DNA template from Integrated DNA Technologies having the sequence 5′-TAATACGACTCACTATAGGACTCGTTTGAGCGAGTA-TAAACAGTTGGTTAGGCTCAAAGCGGAGAGCAGA-3′. This duplex DNA contains the T7 RNA promoter shown in bold and the Pistol enzyme strand sequence shown in nonbold letterings. We used this DNA template and the T7 RNA polymerase for the in vitro transcription reaction to generate the Pistol enzyme strand. The RNA was purified via 10% (wt/vol) urea polyacrylamide gel. After gel purification, the RNA was precipitated using 0.3 M sodium acetate and 100% (vol/vol) ethanol. The RNA was pelleted by centrifugation and washed with 70% (vol/vol) ethanol. The RNA pellet was air dried and resuspended in water for storage at −80°C.
Crystallization and Cryoprotection of Pistol. The Pistol ribozyme crystals grew under 6% (vol/vol) MPD [(+/-)-2-Methyl-2,4-pentanediol], 0.02 M MgCl 2 , 0.02 M cobalt hexammine, and 0.04 M sodium cacodylate (pH 5.1). A 1:1 ratio of 50 μM enzyme and substrate RNA strands was heat annealed at 70°C for 10 min and slow cooled to room temperature. Crystallization trays were set up using the sitting drop method. The ribozyme and well solution were mixed at a 1:1 ratio, and the crystals grew to 100-150 μm in size at 25°C. Cryoprotection of the crystals was done via stepwise increase of MPD until the final stabilization buffer reached 40% (vol/vol) MPD. The stabilization buffer also contains the same concentration of divalent metals and buffer as described above. The crystals were soaked for 2 h in the final stabilization buffer, which contained 1 mM samarium chloride heavy-atoms derivative. Afterward, the crystals were flash-frozen in liquid nitrogen. Six datasets were collected from a single SmCl 2 -soaked crystal, and five datasets contributed to obtain the best experimental electron density maps for structure interpretation. The last dataset was excluded, because it suffered from severe radiation damage. The remaining five datasets were peak (peak 1), high-energy remote (remote 1), peak (peak 2), inflection (inflection 2), and high-energy remote (remote 2). For unknown technical issues, the first three datasets were affected by the presence of ice rings, but the last two datasets were not. CC1/2 is the correlation coefficient; SigAno, signal anomalous. *Statistics are defined according to the program XDS. 
